H istorically, the greatest use for annual canarygrass seed has been as bird food. Approximately 69 to 79% of the world's annual canarygrass is produced in Canada (FAO, 2008) . Production of annual canarygrass in North America is centered in the province of Saskatchewan (FAO, 2008) . Annual canarygrass was fi rst tested as a grain crop in 1906 at Indian Head, SK, (MacKay, 1907) . In Canada, recording the area seeded to annual canarygrass began in 1971 with 800 ha and the seeded acreage has ranged from 95,000 to 350,000 ha over the last 20 yr, with 89 to 98% of this production occurring in Saskatchewan (Saskatchewan Ministry of Agriculture, 2008) .
Annual canarygrass growers identifi ed spatial and temporal variability in seed yield as their greatest concern in an informal survey (May, 1998) . Th e survey was conducted by separately interviewing between 26 individual farmers at their homes or aft er meetings. Th e most common comment from growers was the large amount of biomass being produced in certain years with very little seed being harvested. Research on various agronomic practices which include seeding date, seeding rate, insect, disease and weed control and fertility on annual canarygrass seed yield has been conducted over the years (Holt and Hunter, 1987; Holt, 1988 Holt, ,1989 Miller, 2000; May, 2002; May et al., 2012) . May et al. (2012) and Miller (2000) found that seeding date aff ected seed yield and could account for some but not all of the seed yield variability reported by growers. Seeding rate has also been examined and there was a modest increase in seed yield of 12.5% in one study (Holt, 1989) , and 8.5% in a second study . In the second study, the increase in seed yield was combined with increased yield stability as seeding rate increased . Weed control is important in preventing a large decrease in seed yield (Holt and Hunter, 1987) ; however, weed control issues did not appear to be a major cause of the observed variation in seed yield reported by farmers. Disease control is important in annual canarygrass and appears to account for some of this seed yield variability (May, 2002) .
Th e eff ects of N fertility on annual canarygrass have been studied. Holt (1988) found over a 6-yr period at Indian Head, SK, that seed yield was maximized between 50 and 75 kg N ha -1 , increasing yield by 43% to 1680 kg ha -1 . Th is study was conducted using a conventional tillage system and N rates between 0 and 100 kg N ha -1 . May et al. (2012) in a study conducted across Saskatchewan, found that grain yield was maximized at 78 kg N ha -1 increasing seed yield by 7% to 1216 kg ha -1 . Th is study was conducted in a no-till system evaluating N rates ranging from 20 to 100 kg N ha -1 . Nitrogen does not have a large enough eff ect to account for the reported yield variation (May, 1998) .
Very little information has been published on the requirements of annual canarygrass for K and Cl. Putnam et al. (1996) published K recommendations for annual canarygrass in North Dakota. In a study examining the eff ects of K and S, KCl had a large eff ect on seed yield at specifi c locations while S had no eff ect on seed yield of annual canarygrass (May, 2002) . Th e response could not be correlated with K levels in the soil, and Cl levels in the soil were not tested.
Potassium is an osmotically active element associated with cell expansion, enzymes activation, and regulation of stomata (Amtmann et al., 2008; Romheld and Kirkby, 2010) . Potassium is also involved in photosynthesis, phloem loading, uptake and transport, and the storage of assimilates. Potassium defi ciency can be manifested in many ways including, slow growth, lower yield, lodging, increased susceptibility to fungal and bacterial diseases and increased sensitivity to drought (Beaton and Sekhon, 1985; Amtmann et al., 2008; Romheld and Kirkby, 2010) .
Th e eff ect of Cl has been not studied in annual canarygrass; however, Cl is involved in several plant functions, including, enzyme activation, photosynthesis, nutrient transport, stomatal activity, accelerated plant development, and improved disease suppression (Fixen,1993) . Th e eff ect of Cl has been studied in wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and oat (Avena sativa L.), but the results have varied between studies. Mohr et al. (1995a Mohr et al. ( , 1995b found an inconsistent response in the grain yield in wheat and barley to Cl. Fixen (1993) found that the grain yield of spring wheat responded to Cl and published a chart on when to apply Cl to spring wheat based on soil residual Cl. In wheat and barley, cultivars have diff ered in their response to Cl (Mohr et al., 1995a (Mohr et al., , 1995b Grant et al., 2001; Evans and Riedell, 2006) . When researchers have found an eff ect of Cl they have attributed the response to several factors including, osmoregulatory functions, interactions with other nutrients, interaction with diseases and alteration of crop development (Fixen, 1993) . Many of the studies could not identify the reason for the observed eff ect of Cl in increasing grain yield (Fixen et al., 1986; Engel et al., 1994; Gaspar et al., 1994; Diaz-Zorita et al., 2004) .
Th e objectives of the study were to determine if K or Cl or both are responsible for any eff ects on seed yield of annual canarygrass and possibly help to explain the reported temporal variability in seed yield. Field experiments were conducted to determine the responsiveness of annual canarygrass on seed yield to K and/or Cl, and to provide better recommendations to producers on the use of KCl in annual canarygrass using soil test results.
MATERIALS AND METHODS
A fi eld experiment was conducted at four areas in Saskatchewan, Canada Indian Head (50°33'08.37'' N, 103°38'39.82 Th e experiment design used for each site-year was a randomized complete block design involving 10 treatments and four replications. Th e treatments consisted of a check plot with no K or Cl and three forms of fertilizer, KCl, K 2 SO 4, and CaCl 2 each applied at three rates (Table 1) . Th e three rates of fertilizer for KCl and K 2 SO 4 resulted in 10, 20, and 30 kg K ha -1 being applied and three rates of fertilizer for KCl and CaCl 2 resulted in 9.1, 18.2 and 27.3 kg Cl ha -1 being applied. Th is resulted in three treatments with 10, 20, and 30 kg K ha -1 from K 2 SO 4 , three treatments with 9.1, 18.2 and 27.3 kg Cl ha -1 from CaCl 2 and three treatments with the three rates with K and Cl in combination from KCl. KCl is the form of fertilizer used by producers to apply K or Cl. A blanket application of fertilizers was applied to all plots at a rate of 46 kg N ha -1 [urea, CO(NH 2 ) 2 ], 10.9 kg P ha -1 (mono-ammonium phosphate, NH 4 H 2 PO 4 ), 12 kg ha -1 of S [ammonium sulfate, (NH 4 ) 2 SO 4 ]. All fertilizers were side banded and placed 2 to 3 cm to the side and 7 to 8 cm below the seed using a hoe opener.
Th e cultivar CDC Togo was seeded at a rate of 35 kg ha -1 at all locations. Th is cultivar is a glabrous (hairless) type of annual canarygrass. Th e row width was 30.5 cm at Indian Head, Carry Th e Kettle and Regina, and 25.4 cm at Stewart Valley. Th e plot size was 10.7 by 4.0 m at Indian Head, Carry Th e Kettle and Regina; and 9.1 by 4.3 m at Stewart Valley. Th e plots were managed using a no-till production system. Glyphosate [N-(phosphonomethyl) glycine] was applied before seeding and all in-crop broadleaf herbicide applications were determined separately for each location according to weed species and density using recommended products and rates (Saskatchewan Ministry of Agriculture, 2010).
Data Collection
Soil tests were performed at each site for N, P, K, S, and Cl. Spring soil test levels of NO 3 -N and Cl were measured to a depth of 60 cm. Th is was done by collecting soil from a 0-to15-cm depth and a 15-to 60-cm depth. Soil residual P, K, and S were measured in a 0-to 15-cm depth. A NaHCO 3 extraction procedure (Hamm et al., 1970 ) was used to estimate residual soil N (NO 3 ), P, and K. Available Cl was determined by extraction of 5 g of soil with 50 mL of water followed by fi ltration and determination of Cl in the fi ltered extract using a Technicon Auto-analyzer II (Inland Waters Directorate, 1979) . Available S was determined by extraction of 10 g of soil with 50 mL of 0.001 M CaCl 2 followed by fi ltration and determination of S in the fi ltered extract using a Technicon Auto-analyzer II (Hamm et al., 1973) .
Th e bioavailable K supply rates were determined using ion exchange resin membranes probes (Plant Root Simulator [PRS] probes, Western Ag Innovations, Saskatoon, SK, Canada) according to the procedures outlined in Qian and Schoenau (2002) and Qian et al. (2008) . Th is measurement of K availability provided an indication of the supply of readily available K to an adsorbing surface, taking into account replenishment of soil solution K by the solid phase as well as movement by diff usion. Th e probes were charged by soaking in 0.5 M HCl for 2 to 4 h to saturate the exchange sites with H + ions. Th e cation probes were then inserted directly into a sample of soil at fi eld capacity for 24 h. Aft er 24 h, the probes were removed and washed of all soil particles and placed into a clean self-sealing bag and treated with 20 mL of 0.5 M HCl for 1 h to elute the sorbed K ions from the membrane surface. Th e eluent was the analyzed for K concentration using fl ame emission spectroscopy. Using the concentration of K in the eluent and the surface area of the membrane, K supply rate was calculated as μg K sorbed per cm 2 of membrane surface over 24 h.
Plant density was determined 3 to 5 wk aft er seeding and annual canarygrass panicles were counted aft er panicle emergence. Both plants and panicles were measured in two 1-m sections of crop row within each plot. Physiological maturity was reached when kernel moisture was approximately 30 to 35%. Lodging was rated in each plot at physiological maturity using a scale of 1 to 10 (1 = standing, 10 = completely lodged). At each location, the mean normalized diff erence vegetative index (NDVI) from each plot was measured between stem elongation and fl ag leaf using a handheld optical sensor (RT 100, GreenSeeker, NTech Industries, Ukiah, CA) (NTech Industries, 2009) . Th e NDVI is a vegetation index that is an indirect measure of the crops aboveground biomass and nutrient uptake (Moges et al., 2004; Freeman et al., 2007; Osborne, 2007) . Signifi cant correlations between NDVI and grain yield have been obtained in winter wheat (Raun et al., 2001) , corn (Zea mays L.; Teal et al., 2006) , soybean [Glycine max (L.) Merr.; Ma et al., 2001] , spring wheat (Osborne, 2007) , grain sorghum [Sorghum bicolor (L.) Moench subsp. bicolor; Moges et al., 2007; Tucker and Mengel, 2008] and canola (Brassica napus L.; Holzapfel et al., 2009) . Th e GreenSeeker optical sensor determines NDVI by actively emitting radiation in the visible red (~660nm) and near infrared (~770nm) bandwidths and measuring the proportion of emitted radiation that is refl ected from the canopy. Th e sensor's fi eld of view is approximately 60-cm wide and NDVI is calculated using the following relationship, NDVI = (NIR -red)/(NIR + red), where red and NIR are the spectral refl ectance measurements for the visible red and near-infrared regions, respectively. Depending on the plot length, approximately 30 to 70 individual NDVI values were logged for each plot and the average of these was used to represent the plot.
Seed yield was expressed on a clean seed basis and was corrected to a uniform kernel moisture content of 13%. Kernel weight, expressed per 1000 seeds (g), was calculated by weighing between 700 and 1000 kernels with the number of kernels determined using an automated seed counter. Kernel panicle -1 was calculated using panicles m -2 , seed yield, and kernel weight. Kernel m -2 was calculated using seed yield and kernel weight. Test weight was measured as specifi ed by the Canadian Grain Commission's Offi cial Grain Grading Guide (2011).
Statistical Analysis
A combined analysis was conducted using the MIXED procedure in SAS (Littell et al., 2006) . Th e eff ect of replicate and site (location × year combinations) were considered random, and the eff ects of applied treatments were considered fi xed. A combination of variance estimates and P values were used to determine the importance of the random sites by fi xed eff ects interaction. Treatment eff ects were declared signifi cant at P ≤ 0.05.
We then examined important site × treatment interactions. Th e fi rst portion of this analysis considered the quantitative relationships between crop yield (dependent variable) vs. site and environment indicators using the partial least squares projection to latent structures (PLS) method. Data for the PLS analysis consisted of a matrix with each site as a row (site means were used for crop dependent variables), and the site and environment indicators as columns. Th e PLS analysis was performed using the PROC PLS procedure of SAS (Tobias, 1995; SAS Institute, 2005) . Initially, all site and environment indicators measured in the study were included as predictor variables in the PLS model. Predictors with the greatest infl uence in explaining dependent variable variability, or variable importance in the projection (VIP), were then selected based on the criterion of VIP > 0.8 (Wold, 1994) . It was found that three PLS latent variables (LV) typically explained close to 80% or more of the variation for the predictor and response variables. Th e X loadings represent the correlation between raw data for each of the site and environment predictors to the scores for each LV. Th ese X loadings were used to assess the relative importance of each of the site and environment predictors toward each of the three LVs. Th e LV scores were used for the second portion of the analysis to further examine important site × treatment interactions for response variables of interest.
Th e second portion of this analysis, which used LV scores and original data, was conducted to determine reasons for important site × crop/cultivar treatment interactions determined from the initial univariate mixed model analysis of variance. Scores for each LV were merged with the original data set including crop yield. Th is meant there was a single score available for each site × LV combination. An extension of the previously described mixed model was implemented to explore site interactions with treatments (Littell et al., 2002) . A covariable (LV) × treatment interaction was included in the model statement to determine if treatment diff erences varied as the LV scores varied across sites. For those LVs that resulted in a signifi cant (P < 0.05) LV score × treatment interaction, means were estimated at the lowest, average, and highest level of the LV scores. X loadings for signifi cant LV interactions were used to infer environment/climate predictors responsible for the covariable × treatment interaction.
A grouping methodology, as previously described by Francis and Kannenberg (1978) , was used to further explore treatment responses among sites. Th e mean and CV were estimated for each level of the treatment of interest across remaining treatments, sites, and replicates. Means were plotted against CV for each treatment combination, and overall mean of the treatments means and CVs was included in the plot to categorize the data into four categories: Group I: High mean, low variability (optimal); Group II: High mean, high variability; Group III: Low mean, high variability (poor); and Group IV: Low mean, low variability.
RESULTS AND DISCUSSION Soil and Environmental Conditions
Th e soil residual nutrient levels in the soil before seeding at each location are presented in Table 2 . A wide range of fi elds Indian Head  2008  21  60  90  47  86  9  14  17  18  92  2009  15  60  59  77  83  8  14  14  15  81  Long-term average  56  79  67  53  11  16  18  18  Stewart Valley  2007  67  53  34  29  72  12  16  23  18  106  2008  98  138  91  97  168  13  15  18  18  98  2009  12  51  61  61  73  10  15  17  17  91  Long-term average  56  76  69  52  12  16  19  18  Carry the Kettle  2007  83  47  51  65  110  11  15  20  16  98  2008  7  81  96  39  99  9  14  17  13  81  2009  20  57  42  105  100  8  14  14  15  81  Long-term average  43  87  49  45  11  16  18  18  Regina plain  †  2007  63  24  22  49  67  11  16  22  16  100  2008  8  69  75  80  99  10  13  18  18  91  2009  38  50  45  78  90  9  16  16  16  88  Long-term average  53  75  64  43  12  16  19 18 † Bratts Lake is the closest environmental station to this location. Crop Development and Seed Yield When the data was averaged across all locations the application of K or Cl had no eff ect on the plant density or panicle density of annual canarygrass (Table 4) and plant density and panicle density were at a level that would not restrict the yield potential of annual canarygrass (Table 5) . Plant height was not aff ected by the application of K or Cl. Th e height of the annual canarygrass was between 86 and 87 cm for all treatments. Th e NDVI was measured before the fl ag leaf was visible and the application of K or Cl had no eff ect on NDVI. Th e NDVI of the annual canarygrass ranged from 0.4537 to 0.4925 for all 10 treatments. Th e major disease that aff ects annual canarygrass, septoria leaf mottle (Septoria triseti), was not aff ected by K or Cl. Th ere were no visible diff erences observed from the application of K or Cl before heading. In winter wheat, Engel et al. (1994) observed that there were visible diff erences in plant development between the boot and fl owering stages. 
3** 4** 12* 4** 0 0 72** * Signifi cance at 0.05 probability level. ** Signifi cance at the 0.01 probability level. † NDVI, normalized difference vegetative index. ‡ P values were bolded when they were less than 0.05. § This is the percentage of the total variance that is associated with effect of site. Treatment × S variance estimate/(Treatment × S variance estimate + S variance estimate) × 100. Panicle size (seeds panicle -1 ) and seed density (seeds m -2 ) were aff ected by the application of Cl but not by K (Table 4) . Panicle size (seeds panicle -1 ) showed a linear response to increases in rate of Cl and seed density (seeds m -2 ) showed a curvi-linear response with increasing rates of Cl. Th e form of Cl used did not aff ect the response of annual canarygrass to Cl (Table 5) . Kernel weight was not aff ected by the application of Cl or K. Th erefore, the main yield component that was aff ected by the addition of Cl was panicle size (seeds panicle -1 ). Th e Cl appears to have helped the annual canarygrass fertilize more ovules or retain seed during the reproductive development of annual canarygrass. A similar response was observed in a specifi c hard red spring wheat cultivar, Marshall, with an increase in seed density and not kernel weight (Evans and Riedell, 2006) . Th is cultivar appears to take up less Cl than other wheat cultivars at a given Cl concentration in sand culture (Evans and Riedell, 2006) . Other research found that kernel weight and not seed density was the yield component that was increased in cereals (Gaspar et al., 1994; Engel et al., 1994) .
Th ere was a curvi-linear increase in seed yield to the application of Cl but not K (Table 4) . Averaged across all sites, seed yield increased by approximately 24% when Cl was added in the form of KCl or CaCl2 (Table 5) . Th e lowest Cl rate used in the study, 9.1 Cl kg ha -1 was suffi cient to increase yield and no responses to higher rates of Cl were observed. A response curve cannot be accurately calculated since the response occurred between two rates 0 and 9.1 kg Cl ha -1 . In previous research reporting seed yield responses to Cl, yields tended to increase over a wider range of Cl rates (Fixen et al., 1986; Engel et al., 1994) .
Th e form of Cl did not matter, with both KCl and CaCl 2 being equally eff ective in increasing seed yield (Table 5) . Th is lack of sensitivity to the form of Cl has also been observed in wheat (Fixen et al., 1986; Mohr et al., 1995b) and barley (Mohr et al., 1995b) . When the means of seed yield, panicle size (seeds panicle -1 ) and seed density (seeds m −2 ) were plotted against the coeffi cient of variation it became clear that all the rates of Cl evaluated increased yield and reduced yield variability (Fig. 1) . Test weight followed a similar trend as seed yield; however the linear contrast had a P value of 0.052 (Tables 4 and 5) .
Th e interaction between the treatments and site was signifi cant for seed density, kernel weight, seed yield, and test weight (Table 4) . Seed density (seeds m -2 ) deviated from the overall means at CTK loam 2008 , CTK ellisboro 2009 , Indian Head 2008 , and Regina plain 2008 . For the two CTK site-years, the response to Cl was larger than the over all response while at the other two locations the response to Cl was smaller than when averaged over all the sites (Table 6) * Signifi cance at 0.05 probability level. ** Signifi cance at the 0.01 probability level.
treatment means. At this site, the addition of Cl increased test weight (data not shown). It is interesting to note that this site did not have the lowest level of Cl (Table 2) . When the site × treatment interaction for kernel weight was examined, no clear trend emerged with just one site mean in 1 yr deviating from the overall means (data not shown).
Soil Chloride Levels and Seed Yield
To determine the suitability of using soil test measurements for recommending the application of Cl, a partial least squares analysis was performed (principal component analysis with a regression component added). Variable importance for the projection was generated for Cl in the 0-to 15-cm depth, of 2.01 and for Cl in the 0-to 60-cm depth of 1.68. Th is indicated that the 0-to 15-cm depth was more consistent in predicting the responsiveness of annual canarygrass to the application of Cl. A sensitivity analysis was performed indicating that once the level of residual Cl in the soil reached 70 kg ha -1 in the 0-to 15-cm depth, the eff ect of applying Cl became insignifi cant (P = 0.074; Fig. 2 ). Th erefore, soils with levels below 70 kg Cl ha -1 in the 0-to15-cm depth should receive Cl when annual canarygrass is grown. More data would improve the accuracy of this recommendation. Th is may indicate that annual canarygrass is more sensitive to a Cl defi ciency than other cereal crops. Fixen (1993) found that soil Cl levels needed to be below 50 kg ha -1 in a 0-to 60-cm depth to elicit a seed yield increase in wheat with the application of Cl fertilizer, while this study indicates that Cl fertilizer should be applied when Cl levels drop below 70 kg ha -1 in the 0-to 15-cm depth. In addition, at the site with the largest seed yield response to Cl in annual canarygrass, CTK ellisboro, no response to Cl was found in wheat when preliminary studies on wheat and annual canarygrass were conducted in the same year (Lafond, 2001; May, 2002) . Annual canarygrass may be a suitable species to use to investigate the eff ects of Cl on reproductive development in plants.
CONCLUSIONS
Th e response of annual canarygrass seed yield to Cl occurred under low or high yielding conditions. Th e yield component that was responsible for the yield increase was panicle size (seeds panicle -1 ). No response was observed to K even in fi elds where the residual levels were low to moderate in K according to soil test extractable K and soil K supply rate. Annual canarygrass growers are advised to measure Cl when doing soil tests. It is recommended that 9.1 Cl kg ha -1 in the form of 20 kg ha -1 of KCl be applied when the Cl level in the soil (0-15 cm) is below 70 kg Cl ha -1 . Annual canarygrass appears to be more sensitive to Cl defi ciency than wheat.
